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Abstract. Thirteen clear nights in October 2005 allowed (repeatability) for the DWD lidar was better than 2K from
successful intercomparison of the lidar operated since 19880 to 50 km, decreasing to 10K near 70 km. For the NASA
by the German Weather Service (DWD) at Hohenpeil3enberdjdar, precision is expected to be better than 1K over the 30
(47.8 N, 11.0 E) with the Network for the Detection of At- to 70 km range. However, due to the much lower temperature
mospheric Composition Change (NDACC) travelling stan- precision of the DWD lidar, this could not be checked during
dard lidar operated by NASA's Goddard Space Flight Cen-HOPE. It was noted that the current DWD algorithm over-
ter. Both lidars provide ozone profiles in the stratosphere estimates temperature uncertainty, which should be reduced
and temperature profiles in the strato- and mesosphereay a factor of 2.2 (e.g. from 22 K to 10 K near 70 km).
Additional ozone profiles came from on-site Brewer/Mast The HOPE intercomparison did uncover a 290 m range er-
ozonesondes, additional temperature profiles from Vaisalaor (upward shift) of the DWD lidar data. When this shift is
RS92 radiosondes launched at Munich (65km north-east)removed, the bias of the ozone algorithm is corrected, and
and from operational analyses by the US National Centers better background estimation is used, ozone profiles from
for Environmental Prediction (NCEP). the DWD lidar agree very well with both the NASA lidar and

The intercomparison confirmed a low bias for ozone from SAGE. Systematic differences are then smaller than 3% be-
the DWD lidar in the 33 to 43 km region, by up to 10%. This tween 20 and 44 km, and smaller than 5% between 17 and
bias is caused by the DWD ozone algorithm, and is consistend7 km. These differences are close to zero, and are not (sta-
with previous comparisons of the DWD lidar with SAGE, tistically) significant. The cold temperature bias against the
GOMOS and other instruments. During HOPE, precisionNASA lidar also disappears when the DWD temperature pro-
(repeatability) for ozone data from both lidars was better thancessing is corrected for the 290 m range error, and more ap-
5% between 20 and 40 km altitude, dropping to 10% nearpropriate values for the Earth’s gravity acceleration are used.
45km, and to 50% near 50 km. These results are consister@ompared to the radiosondes or NCEP analyses, however,
with previous NDACC intercomparisons, and confirm the re- both lidars show 1 to 2 K lower temperatures over the entire
liability of the NASA NDACC travelling standard lidar. 15 to 35 km range.

Temperature from the DWD lidar showed a 1 to 2K cold  Temperature and ozone variations are tracked well by both
bias from 30 to 65 km against the NASA lidar, and a 2 to 4K lidars, by ozone- and radiosondes, and by NCEP analyses.
cold bias against radiosondes and NCEP. This is also consig=orrelations exceed 0.8 to 0.9 at most stratospheric levels.
tent with previous intercomparisons. Temperature precisioriThey decrease at levels above 40 km, especially for ozone or
NCEP temperature.

The ozone and temperature bias of the DWD lidar does

Correspondence tddV. Steinbrecht not appear to have changed over time. Records of ozone and
BY (wolfgang.steinbrecht@dwd.de) temperature from the DWD lidar should be consistent over
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the years. Nevertheless, the HOPE intercomparison was inspheric tides lead to important variability. Also an accuracy
strumental in uncovering and repairing several long-standingpf 2% would be good for ozone, but 2% for temperature cor-
errors. HOPE also confirmed the reliability of the NASA li- responds to an accuracy of 5 to 6 K only. In general, the in-
dar as a travelling standard. Now the entire DWD lidar datatercomparisons of the NASA lidar have demonstrated a tem-
record needs to be reprocessed with the improved and revisgaerature accuracy at the 1 to 2% level, i.e. better than 2 to
algorithms. 5K over the 20 to 70 km altitude range. Temperature preci-
sion (repeatability) is better than 1 K between 20 and 50 km,
dropping to 3K near 70 km (see also Keckhut et al., 2004).
The stationary lidar at Hohenpeil3enberg (4N38

11.Q E) has been operated since September 1987 by the Ger-
) ) man Weather Service (DWD). It has undergone only very
In 1990, the International Network for the Detection of o modifications over the years (Geh, 1987; Claude et al.,
Stratospheric Change (NDSC, http://www.ndsc.ncep.noaaqgga: Steinbrecht et al., 1997), most notably a change of the
gov) was formed to provide a consistent, standardized Sebhoton—counters in January 1995, and a change of the inter-
of long-term measurements of stratospheric trace gases, Pafsrence filters in November 1998. The DWD lidar has pro-

ticles, and physical parameters via a suite of globally dis-yjgeq one of the longer NDACC time series, but has so far
tributed sites. Within the NDSC, which was expanded andnot participated in a formal NDACC on-site intercompari-

renamed Network for the Detection of Atmospheric Compo- 5o - |ntercomparisons with local ozonesondes, and satellite

sition Change (NDACC) in 2006, lidars (=laser radars) aremeasurements, however, have been done on many occasions
key instruments for measuring the stratospheric ozone an‘E'Steinbrecht et al., 1997, 2006). Details of both lidars are
temperature profile. Lidar measurements of ozone and temgiven in Table 1 and in Sect. 2.

perature are self-calibra_lting, in principle (e.g., Hauchecorne In October 2005, the mobile NASA-GSFC lidar was fi-
and Chanin, 1980; Megie et al., 1985; Carswell etal., 1991),5y deployed at HohenpeiRenberg for intercomparison in
This makes them especially suited for long-term monitoring. 4o HohenpeiRenberg Ozone Profiling Experiment (HOPE).

~ Animportant aspect of NDACC are dedicated instrumentgection 3 of this paper gives an overview of the campaign
intercomparison campaigns, where several instruments argnq the main data sources. The HOPE intercomparison was
co-located to measure in close spatial and temporal vicinynitially carried out as an NDACC “blind” intercomparison.

ity for an intensive period of days to weeks. Examples aréjithin a few days of the measurement, ozone and tempera-
the 1989 Stratospheric Ozone Intercomparison Campaign &yre profiles from both lidars were submitted to an indepen-
Table Mountain (Margitan et al., 1995), the 1995 Ozone Pro-gent referee (R. Neuber from the Alfred-Wegener-Institute
filer Asse_ssment at L_auder (McDermid et al., 1998a, b), orjn potsdam, Germany). Each group was not allowed to see
the 1997 intercomparison at ngte Provenge (Braathen et alyegyits from the other group, but was allowed to use their
2004). Keckhut et al. (2004) give an overview of ozone andstandard ancillary data, i.e. temperature profiles from nearby
temperature lidar validations performed within the NDACC radiosondes, or from meteorological analyses. The compari-
framework. son of these “blind” profiles is discussed in Sect. 4.

In most NDACC lidar intercomparisons, the mobile lidar |y 3 |ater, second phase, however, the NASA and DWD
operated by NASAs Goddard Space Flight Center (NASA- groups exchanged ozone and temperature profiles, as well as
GSFC) has served as the travelling standard. While the firsiheir lidar return signals. This allowed a more detailed error
intercomparisons resulted in major hardware and softwar@nalysis, and has resulted in important improvements for the
Improvements (MCGee_ et al., 1991, 1993, 1995a), the conpwD ozone and temperature processing. Corrected ozone
figuration of the NASA lidar has been very stable and maturegng temperature profiles from the DWD lidar show much
since about 1995. Comparisons of the NASA lidar at Hautepetter agreement with the other instruments. These improve-

Provence (Braathen et al., 2004), Mauna Loa (McPeters efents are discussed in Sect. 5, at the end of this paper.
al., 1999), and Lauder (McDermid et al., 1998a, b) have

shown that it measures ozone profiles with less than 5% bias

between 15 and 45 km altitude, and with less than 3% bia® |idar hardware, principle, and processing

between 20 and 40km (see also Tsou et al., 2000; Keckhut

et al., 2004). Precision (repeatability) is typically better than While Table 1 summarizes the main characteristics of both

3% between 20 and 40 km, dropping to 10% at 15 or 45 km Jidar systems, Fig. 1 gives a schematic of the DWD lidar at

and to 50% near 50 km. HohenpeiRenberg. A Xenon Chloride excimer laser gener-
The initial validation of temperature profiles from the ates pulses of intense ultraviolet radiation at 308 nm. These

NASA lidar is discussed in Ferrare et al. (1995), Singh etare focused into a Raman cell, filled with pure hydrogen.

al. (1996), and Gross et al. (1997). Temperature has beeNear the focus, stimulated Raman scattering by the hydro-

more difficult to assess, because there are not as many relgen molecules generates a light pulse at 353 nm (and other

able instruments available as for ozone, and because atmavavelengths), which travels simultaneously and in the same

1 Introduction
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Table 1. Main characteristics of the NASA Goddard Space Flight Center Stratospheric Ozone Lidar in Trailer Experiment (308 and 355 nm
channels only), and of the DWD ozone lidar at Hohenpeil3enberg.

NASA DWD
Transmitter
Aonlroff 308/355nm 308/353nm
Laser @.on Lambda Physik LPX 320 Lambda Physik LPX 220i
Light source @.qff Spectra Physics #Raman Cell
Quanta Ray PIV-400 Nd:YAG3
transmitted pulse energy @/ oft 300mJ/150 mJ 100mJ/10 mJ
Receiver Telescope
telescope setup Dall-Kirkham Newtonian
mirror diameter 0.76m 0.6m
field of view 2.3mrad 0.4mrad
focal length 3.66m 24m
dist. receiver axis to transmitter axis ~ 0.75m 0.7m
receiver channels 308 nm (HI+LOW), 355 nm (HI+LOW) 308 and 353 nm

332nm, 387 nm (HI+LOW), 407 nm

Interference Filters

manufacturer Barr Associates Barr Associates
peak transmission @n/Aoff 73/52% 50/65%

(before 11/98 30/25%)
width (FWHM) @hon/2off 1.1/0.92nm 5/2nm

(before October 1998: 10/2.5 nm)

Photon Counting

photomultipliers Hamamatsu 7400 P-03 EMI 9893QA/350
maximum used count rate X@n/Aoff  10/40 MHz 6/2 MHz

signal induced noise @n/Aoff ~ 500 Hz&<20 Hz <3 Hz/<0.3Hz

(near 50 km)

SIN decay time constant @n/Aoff ~50 km/>1000 km ~1000 km#>1000 km
HV range gating all channels —none —

bowtie chopper 308 nm HI channel both channels
multichannel scalers LICEL 300 MHz Optech FDC 700

(before February 1995: LeCroy 3521)

direction as the original 308 nm pulse (e.g., Werner et al., into atmosphere
1983). Both pulses pass through a beam expanding telescop — —
(10x expansion) and are transmitted vertically up into the
atmosphere. A small fraction of the light is scattered back t A
by air molecules in the atmosphere. This returned light is
c%llecrt]ed by _the Ia(rjge primary mir(rjorhof the receiver. In- photon pulses
side the receiver’s detector unit, a dichroic mirror separates ﬁ
the two emitted wavelengths. Narrowband interference fil- v ]
ters reject skylight and the unwanted opposite wavelength. | discriminators
Returned photons are then detected by two photomultipliers counters A
(PMy1, PMy) in photon counting mode. Discriminators sepa- computer for
rate noise from true photon pulses and multichannel scalers | data acquisition 1 =
count the returned photons (=pulses) as a function of time L_&control receiver mirror transmitter
(Frange). ¢ trigger pulse mirer

The conceptual setup of the NASA lidar is similar (McGee 308 nm 308+353 nm
et al.,, 1995a). However, instead of a Raman cell, the XeCl excimer laser | | I
NASA lidar uses a second laser to generate pulses at 355 nn © Y H, Raman cel g

(Nd:YAG 3rd harmonic). Also, instead of 2 detector chan-
nels only (PM, PMy), the NASA lidar uses 8 detector chan- rig 1. schematic of the DWD lidar system at Hohenpeienberg
nels. This allows simultaneous recording of return signals7.e N, 11.0° E, 976 ma.s.l). PN, PMy=photomultipliers for

at 308 and 355nm, with full intensity, and with intensity 308 and 353 nm.

reduced by a grey filter (=HI and LOW channels), as well

as recording of return signals from vibrational Raman scat-

tering by nitrogen (332 nm, 387 nm with HI and LOW chan-
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Typical atmospheric return signals are given in Fig. 2, for
the night of 27 to 28 October 2005. In this night, the NASA
—— NASA 308 nm lidar measured from 18:18 to 03:59 UT, the DWD lidar from
T SCV%A;(’)ZSnT 19:25 to 04:21 UT. The DWD lidar uses 300 m range bins
DWD 353 nm below 80 km and 17 km range bins above. The NASA lidar

uses 15m range bins, but for the plot in Fig. 2 these have
been summed to 300 m range bins. Noteworthy in Fig. 2
are the high dynamic range, more than 5 orders of magni-
tude, and the low number of photons counted at high alti-
tudes. At 70 km, for example, the DWD system photon count
rate is only about 100 Hz, i.e. only 1 photon is counted ev-
ery 10000 laser shots in a 1 pus (=150 m) range interval. The
much higher count rates of the NASA lidar show the bene-
fits of a larger receiver mirror, more powerful lasers, better
photomultipliers, and other technical improvements.

Note that at count rates higher than 1 to 10 MHz pulse-
pileup can lead to substantial non-linearity in the relation be-
20 HWW T HHHW THHHW THHHW THHHW T HHHW THHHW T TTTT] tWeen returned Ilght and Counted phOtOnS (Donovan et a.l.,

1x10°0.0001 0.001 0.01 01 1 10 100 1993). Both lidar systems use corrections to account for this.
photon count rate [MHz] In addition, both lidars use grey filters, either in separate re-
ceiver channels or in different acquisition steps, to record

night of 27 to 28 October 2005, from 18:18 to 03:59 UT, and from ;lggals W_Ith rec]lcur(;,ed count r:ates. In this (;Nzy’ dlfferenlt al- d
19:25 to 04:21 UT, respectively. Only the high-range signals aretltu e regions of the atmosphere are recorded separately, an

shown. NASA lidar uses 15 m range bins, which are summed her&OUnter saturation effects are minimized. In practice, they
to give 300 m range bins. The DWD lidar uses 300 m range bins bed0 not affect the ozone and temperature measurements from
low 80km, and 17 km bins above 80km, to reduce photon countboth lidars.
noise. The peak in the NASA 308 nm return signal near 78km  The lidar return signaPys at 353 nm (or 355 nm) is not
is caused by resonance scattering from the mesospheric OH-layebsorbed significantly by ozone. However, it contains infor-
(Brinksma et al., 1998). The different slopes of the blue and redmation about the atmospheric density and temperature pro-
lines between 20 and 35km are due to ozone absorption. files. The return signaPy, at 308 nm behaves similar, but is

strongly absorbed by ozone (absorption cross-seeigi

The absorption leads to the more rapid decay of the 308 nm
nels), plus return signals from vibrational Raman scatteringsignals with altitudez. In Fig. 2 this is seen best for the
by water vapour (407 nm). As mentioned, the NASA sys- DWD return signals near 25 km. Essentially, comparison of
tem has been upgraded several times since its beginnings ihe slopes of the logarithm of the return signals at 308 and
1990, but over the last 10 years no major changes have bee¥s3 nm, Pyn(z) and Poft(z) (blue and red lines in Fig. 2),
made. The DWD system has intentionally been kept close tgjives the ozone number density profile,(z) (e.g., Megie
the original configuration from 1987. et al., 1985; Carswell et al., 1991; Steinbrecht and Carswell,

An important component of both lidars is the mechanical 1995):
chopper. Its blade is rotating at high speed across the beam
path in the receiver. Laser pulses are synchronized to thig, — 1 d, Pori(@)
03(2) In 1)

chopper blade, so that the very intensive return signal from 200, dz Pon(2)
low altitudes (=early times) is blocked (Werner et al., 1983; . . L .
Geh, 1987; Steinbrecht et al., 1989). The chopper is crucial Numerical calculation of the derivativg/dz in Eq. (1) be-

to avoid photomultiplier overload and unwanted after eﬁeCts(r:]gEe;:rep:%?éen(]gtt;i;}cgllg:o?slgtgﬂgst’ov:r?::‘Zv\t/h:oaittue? Sr']%'_
like signal induced noise (likura et al., 1987; Williamson and y P

Young, 2000). Signal induced noise, a slowly decaying back_tons). Taking the derivative then tends to result in very noisy

gzone profiles. To reduce this problem, derivative filters
ground component, can become a problem at the far rangm ozone processing algorithms use information from man
end of lidar signals (McDermid et al., 1990). A mechanical P g alg Y

o)
S
|

range [km]
Il

Fig. 2. Average return signals for NASA and DWD lidar for the

chopper greatly reduces this problem (McGee et al., 1995a)r.ange bins:

The NASA system additionally uses electronic range gating.d X

Remaining signal induced noise is then very small, less than_f(ZO) = Z w(i) f(zi) 2)
1% of the signal near 50 km (compare 1 and Fig. 2). If not dz i—k

accounted for correctly, however, it can still affect ozone pro-
files above 40 km, and temperature profiles above 60 km.
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Fig. 3. Derivative filter weightsw (i) for DWD (blue line) and Fig. 4. Range resolutior z of the derivative filterav(z) for NASA
NASA (green line) ozone processing algorithms at 25, 35 and 45 km@nd DWD ozone processing algorithms. NASA adapts the range
altitude (above the lidar). For clarity, the DWD filter weights at 35 resolution individually to the return signals of each night. There-
and 45 km have been multiplied by 10 and 20. At 35 and 45 km, thefore, standard deviation ¢lerror bars) and average range resolution
distance between the dashed lines gives the effective widtbf  are plotted for the NASA algorithm. The DWD range resolution is
the filters, as defined in Eq. (3). The effective width at 25 km is not the same for every night.
shown, but is 0.8 km and 1.4 km for DWD and NASA processing,
respectively.
itzky Golay filter, e.g., Press et al., 1992). The width of this
window is increased with increasing altitude. The slope of

Choosing widthk and weightsw(i) of a derivative filter ~ the fitted line gives the derivativef (z)/dz.
always requires a trade-off between low noise and coarse A Simple way to define the range resolutia for a
range resolution (largk), or high noise and fine range res- derivative filterw (i) is to use the distance between the “cen-
olution (smallk). The choice depends on the characteristicster” of the positive and negative lobes of the derivative filter
of the specific lidar system, and on the scientific objectivestzo (compare Fig. 3).
of the measurements. Historically, the different NDACC li- . _
dar groups have chosen different derivative filters and have .= > i——k (i) (i — 20) 3)
developed their own processing algorithms (see Godin et al., Zfﬁ:_k lw(@)]
1999, for an intercomparison). Nearly all groups use a nar-
row filter with fine range resolution at lower altitudes, where  The resulting range resolutions; for the filters at 35 and
photon counts are high, and wider filters with coarse range45 km are indicated by the dashed lines in Fig. 3.
resolution at high altitudes, where photon counts are low. A The change of the range resolutian (defined by Eq. (3))
wider filter (largek) uses more altitude channels, thus more with altitude is shown in Fig. 4 for the NASA and DWD
counted photons. This reduces statistical noise. For three s@zone processing algorithms. Below 30 km altitude, both
lected altitude levels, Fig. 3 shows the derivative filterg) algorithms have similar fine range resolution, between 0.5
for the DWD and NASA ozone processing algorithms. Nearand 1.5km. Above 25km, however, the range resolution
25 km altitude, both algorithms use similar filter widths, and for the DWD algorithm becomes coarser very fast, chang-
filter shapes are comparable. At 35 and 45 km, however, théng from 1.5 km near 30 km to almost 9 km near 40 km. For
DWD derivative filter is much wider and also has a clearly the NASA algorithm, the increase is smaller and more grad-
different shape from the NASA filter. The DWD algorithm ual, from 1.5 km near 30 km to 3 km near 50 km altitude. The
is equivalent to first smoothing (z) with a Gaussian, and much coarser range resolution of the DWD ozone algorithm
then taking the slope between the two points above and belovs used to counteract the much lower photon count rates of
the desired altitudey (Steinbrecht et al., 1997). The NASA this system (compare Fig. 2).
derivative filter is implemented by fitting a straight line (lin-  In order to derive the temperature profile, NASA and
ear ramp) tof (z), in a given window (1st or 2nd order Sav- DWD processing both follow the method of Hauchecorne
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and Chanin (1980). Above the stratospheric aerosol layer, i.e. 80
above about 30 km, the unabsorbed return sighaalz) (at
353 or 355 nm) is proportional to molecular density(z):
70 —

Nair(z) o Poff(Z)Z2 (4) |

Assuming hydrostatic equilibrium, and given the acceler- % 60 —
ation by Earth’s gravity (z), as well as the mean molecular
mass of aitM, the relative density profileair(z), provided by
the lidar return signaPos(z), can be integrated downward.
This gives the relative pressure profil¢z).

—— DWD algorithm
NASA algorithm

altitude [km, as
al
o
\

0 40 —
p(2) = p(z0) +/ nair(z)g(2)Mdz %)

Division of relative pressure and density then yield the 3¢
temperature profil& (z). The downward integration requires
an initial guess fop(zo) or T'(zo) at the far range limitg of ] FrT T 1T 1T T 1T T
the lidar return signal, usually around 80 km for the DWD 6 1 2 3 4 5 6 7 8 9 10
lidar, above 90 km for the NASA lidar. Both algorithms use window width (for temperature) [km]
the CIRA 1986 climatology (Rees et al., 1990) to provide this _
initial guess. With decreasing altitude below the initialization F19- 5- Range resolution for the NASA and DWD temperature pro-
altitude, the error made by assuming a climatological temper—CeSSIng algorithms.
ature or pressure decreases exponentially. At 10 km below
initialization "’.‘"?‘!’d.e' the error Is typically less than 1K, at aerosol, and allow to measure temperature down to about
25 km below |n|t|aI|zat|on altitude it is less than 0.1K (e.g., 10km (Gross et al., 1997).

Hauchecorne and Chanin, 1980; Steinbrecht, 1994; Leblanc o\ h 0zone, the DWD and NASA temperature algo-

etal., 1998). , ithms do some vertical smoothing on the lidar return sig-
Note that the temperature measurement using Egs. (455al Poit(2) to reduce photon count noise. The DWD algo-

and (3) requires a correction for the atmospheric tWO-WaYiihm uses a fixed 5 point (1.5 km) boxcar average at all al-

transmission between rangesand zo. A_t the 353 and. titudes. The NASA algorithm uses a variable width boxcar,
355nm wavelengths used by the two lidars here, extinc-

. . A L with widths less than 3 km below 65 km, increasing to 6 km
fuon by Rayleigh s_catterlng_ |s_the domma_tmg fa(_:tor_ reduc- above 75km. Figure 5 shows the widths of the running av-
ing the atmospheric transmission. If Rayleigh extinction Waserages for the DWD and NASA algorithms. This width is

neglected completely, the lidar derived temperature would '

low. by about 0.5 K 40 km. by about 1.5 Ka measure for the range resolution of the retrieved tem-
come out too low, by about 0.5K near m, by a.out '~ "*perature profiles. From Fig. 5 it is obvious, that temperature
near 30 km, and by more below. However, even with a mod-

) : o : rofiles retrieved by the DWD algorithm have the finer alti-
erately accurate density profile, the transmission effectis ea£

i din th ional algorith R . ude resolution at most altitudes. However, combined with
lly corrected in the operational algorithms. emaining teM- e DWD lidars much lower photon counts, this results in
perature errors are well below 0.1K at all altitudes above

much noisier temperature data than from the NASA lidar.
30km (less than 0.5 K between 20 and 30 km). P

As pointed out e.g. by Leblanc et al. (1998) or Sica et
al. (2001), extinction by ozone between the altitudesnd 3 Campaign overview
zo also needs to be accounted for, when the wavelengths of
interest are absorbed by ozone, e.g. at 532nm. Howeveburing October 2005, two stable tropospheric high pressure
since ozone absorption at 353 or 355nm is very small, itsystems provided excellent weather conditions for the HOPE
can be neglected here (at 308 nm it would be major). Redintercomparison. The first system moved north-easterly,
sulting temperature errors are negligible, less than 0.03 K afrom Northern France to Scandinavia, over the period from
altitudes above 25km. Below 25km, however, uncertainty14 to 20 October 2005. The second system was a long
in the assumed atmospheric transmission due to aerosol aritige moving from the Azores to the Baltic between 23 Oc-
Rayleigh scattering, as well as the additional scattering bytober and 1 November 2005. Both periods provided excel-
stratospheric aerosol, can limit the accuracy of lidar temperdent clear nights for lidar measurements. Accordingly, the
ature measurements severely. The DWD lidar, therefore doeBWD and NASA-GSFC lidars were run simultaneously for
not report temperatures much below 30 km. The NASA li- 13 clear nights from 14 October to 31 October 2005. Both
dar uses Raman channels, which are much less affected tgystems fired 50 laser pulses per second, synchronized to the
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Fig. 6. Top: Ozone profiles measured between 12 October 2005 and 1 November 2005 at Hohenpeif3enberg by DWD lidar (blue), NASA
lidar (green), and by HohenpeiRenberg ozonesondes (red). The lidar profiles are nightly means. For the sondes, the launch time is giver
in UT (universal time=local time — 1 h). Bottom: Same, but for temperature profiles measured by DWD Lidar (blue), NASA lidar (green),
HohenpeiRenberg ozonesondes (red), and Munich radiosondes (magenta, 23:00 UT launch time). Also shown is the 00:00 UT temperature
profile (orange) interpolated from the daily 12:00 UT analyses of the US National Centers for Environmental Prediction (NCEP).

chopper of the DWD system, but at different times. This syn- As expected for October, 0zone number densities reached
chronization allowed both systems to acquire data simultanetheir maximum around 22 to 25 km altitude above sea level,
ously, without laser pulses from one system interfering withat 3 to 4x10'® molecules per cubic meter. As usual, only
the other. For additional ozone profiles, seven Brewer/Massmall ozone variations were observed in the photochemically
ozonesondes were launched at Hohenpeif3enberg. Daily tencontrolled altitudes above 25 km. Larger spatial and tempo-
perature profiles came from the Vaisala RS92 radiosondes atl variations were seen in the transport-controlled region be-
the nearby station Munich (65 km north-east, near mid-night,low. Most of the time, ozone structures are reported in good
00:00 UT), and from interpolation of 12:00 UT meteorolog- agreement by all instruments, e.g. on 16 to 17 October 2005
ical analyses by the US National Centers for Environmentalnear 21 km, or on October 27 to 28 October 2005 near 19 km.
Prediction (NCEP). Sometimes, e.g. on 24 to 25 October 2005 near 18 km, the

Figure 6 gives an overview of all ozone and temperaturesonde reported a layer of low ozone not seen by the lidars.
profiles during HOPE. The top panel shows the ozone pro-The two lidar systems show generally good agreement, with
files from the two lidar systems, and the HohenpeiRenbergystematically higher ozone values reported by the NASA li-
ozonesondes. The bottom panel shows the temperature pr@ar around 35 to 40 km. Random ozone differences, with a
files. The lidars usually operated from one hour after sunseslight tendency to higher values from the NASA lidar, are
to one hour before sunrise, providing a nightly mean profileseen at altitudes near 18 to 22km. There, the DWD lidar
centered around local midnight (23:00 UT). If clouds moved switches from the noisy near-range signal (acquired during
in during the night, the lidar measurement was terminatedhe first and last hour of the night) to the far-range signal (ac-
earlier. Ozone- and radiosondes provide a snapshot onhyguired during the remainder of the night). The NASA lidar
which starts at launch-time at the ground, and ends abou&cquires near-range, far-range and Raman return signals si-
90 min later at 30 to 35km altitude. Four of the Hohen- multaneously, throughout the night. By combining all these
peiRenberg ozonesondes were launched at their usual earpannels, ozone profiles from the NASA lidar reach further
morning launch-time, after the lidar measurement. The othedown, usually to 9km. The DWD lidar reports ozone only
three ozonesondes were launched at night, to obtain bettetown to about 15km. In general, Fig. 6 shows good agree-
overlap with the lidars. ment between ozone from lidars and sondes.
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The temperature profiles are summarized in the lower
panel of Fig. 6. The regular Munich mid-night radioson-
des, and the occasional Hohenpei3enberg ozonesondes cover
the temperature profile from the ground up to 30 or 35km. 7
The DWD lidar gives temperature from 30km up to 75 km. 50 —
At altitudes below~28 km the DWD lidar temperature mea-
surement ends, because backscattering from the stratospher@
aerosol layer begins to interfere. For the NASA lidar, the ¢ 4,4 _
Raman channels are not affected much by aerosol, and al%
low temperature measurements down to 10km. Due to itsg
much more powerful return signal and coarser altitude reso-'c—‘f 30 —
lution, the NASA lidar can measure temperature up to 90 km.
The DWD lidar resolves finer temperature structures, but also
shows higher noise. Both lidars show general agreementon 5, _|
the form of the temperature profiles and their major features.
The large warming pulse near 65km on 26 to 27 October
2005, for example, |§ reported by both Iidc?rs, le(xs are the tem- (g —
perature minima and maxima near 60 and 66 km on 31 Octo-
ber/1 November. The DWD lidar reports the 26 to 27 Octo- 1 'O'Srg.‘?fz(;,?é“di;f%femg (D&}ZD/N&'L;A_%;B 08 1
ber 2005 temperature peak already in the previous night near
70km, whereas this earlier peak is not resolved well in therig. 7. Relative difference between nightly mean ozone number
NASA temperature profile. density from DWD and NASA lidar. The NASA profiles serve as

Both lidars tend to report slightly lower temperatures thanthe reference. The blue lines give plus and minus one standard de-
the radiosondes in the 25 to 30 km region. Between 30 andiation, offset from the zero line. Numbers on the right give the
45km, and during the first part of HOPE, the NCEP layer Number of available ozone difference profiles.
mean temperatures are also often higher than the lidar tem-
peratures. The DWD lidar usually reports slightly lower tem-
peratures than the NASA lidar in the 28 to 50 km region. As of the ozone differences increases dramatically, from 7% at
expected, since they use the same radiosonde type, temperdQ km to more than 100% at 49km. Above 50 km, the dif-
tures agree very well between Munich and HohenpeiBenberéerenceS scatter widely, and the number of available compar-
sondes. With the exception of temperature inversions neaf0ns drops from 12 at 49 km to 0 at 54 km, as the DWD lidar
the ground, sondes and NCEP analyses agree very well todeaches its upper range limit for ozone. On the whole, Fig. 6
This is also expected, because the analyses are based on idicates fairly consistent ozone differences, less than 10%

individual profile
difference

+ 1 std. deviation |12

similated radiosonde data. between 20 and 35km, and reproducible to within 5% from
18 to 39 km.
The nightly mean temperature differences are given in
4 Ozone and temperature differences Fig. 8. Between 30 and 60 km, differences are usually nega-
tive, indicating that the NASA lidar gives around 2 K higher
4.1 Individual nightly means temperatures than the DWD lidar. From 30 to 50 km, tem-

perature differences are reproducible to within 2 K. Above
A more detailed picture of the ozone differences is given in55 km, standard deviation increases. Near 70 km, the DWD
Fig. 7. It shows the relative ozone difference between DWDlidar reaches its upper range limit, and the number of avail-
and NASA lidar for all 13 nights. Before calculating differ- able profiles drops rapidly.
ence profiles, all profiles were converted to a common 1 km
altitude grid, by averaging over the finer altitude bins avail- 4.2 Precision estimates
able for the two lidars (and the sondes). Between 20 and
40 km, ozone differences between both lidars show low stanThe standard deviatiom of the ozone and temperature dif-
dard deviations, less than 10%. This is the altitude rangderences in Figs. 7 and 8 can be used to check the preci-
where both systems give their most precise 0zone measureion estimatesA X provided by the data processing algo-
ments. From 23 to 33 km, ozone differences are very closeithms for the two lidars. Largely, the precision of ozone
to zero. From 34 to 39km, all ozone differences are neg-and temperature profiles measured by a lidar is controlled
ative, indicating that the DWD lidar reports systematically by the statistical noise of the return signal photon counts
lower ozone values than the NASA lidar. Near 20 km, there(Hauchecorne and Chanin, 1980; Megie et al., 1985). If the
is also a tendency for negative differences, i.e. lower valuedirst lidar estimates precision X; for its nightly mean ozone
from the DWD lidar. Above 42 km, the standard deviation or temperature profilé&1, and the second system estimates
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Fig. 8. Same as Fig. 7, but for the absolute temperature differencq:ig_ 9. Relative precision estimatesX; for ozone profiles from

between DWD an_d NASA lidar. Note the different altituqle range, pwp (blue line) and NASA lidar (green line) during HOPE. Black
from 25 to 80 km, instead of from 15 to 65 km for the relative ozone [jne: Precision estimaté es(d X) for the ozone relative difference

differences in Fig. 7. Numbers on the right give the number of avail- x  Red line: Observed standard deviatiofeaddX) of rela-
able temperature difference profiles. tive ozone differences during HOPE (same as blue curve in Fig. 7).
Numbers on the right give the number of ozone difference profiles
during HOPE.
precision AX,, the precisionAesi(dX) for the differenlce
profile d X=X1—X> should beAes(d X)= (AX?+AX3)?,
since photon count noise for the two systems should be unmeasurement time for the DWD near-range signals (below
correlated. 22km). Between 30 and 50 km, the estimated precision for
If AestdX) is correct, it should be approximately the same the DWD lidar is slightly better than for the NASA lidar. At
as the standard deviatiafmeadd X), €.g. of the 13 nightly these altitudes, the much smaller photon counts of the DWD
mean difference profiles during HOPE (blue line in Figs. 7 lidar are compensated by the much coarser altitude resolution
and 8). If the observed standard deviatignadd X) differs ~ of the DWD algorithm (compare Fig. 4).
substantially from the estimated precisings(d X), this in- Below 25km, the agreement between observed standard
dicates that eithen X1, or AX, (or both) are not correct. deviation and estimated precision of the ozone differences
Note, however, that this check alone is not conclusive. Onlyis good. In this altitude region, the estimated precision of
gross errors iM X; can be discovered. For exampleX; the difference (black line) is almost entirely controlled by
could be too lowA X could be too high, buheg(d X) could  the poor precision (large values) of the DWD lidar (blue
still come out correct. line). The agreement between observed standard deviation
Figures 9 and 10 show the precision estimates for ozondred line) and estimated precision of the ozone differences
and temperature for the two lidara ¥;, blue and green (black line) below 25km indicates that the ozone precision
lines), and the precision estimate for the difference betweergstimate from the DWD lidar is correct there.
the two lidars Aesf(dX), black lines). The red lines give From 27 to 48 km altitude, however, the estimated preci-
the observed standard deviatigheadd X) of difference pro-  sion (black line) is better (smaller values) than the observed
files during HOPE. For ozone, observed standard deviatiorstandard deviation (red line), by a factor of about 0.7. This
and estimated precision behave similarly with altitude, with indicates that the precision is under-estimated for at least one
the best precision (lowest values) in the 20 to 40 km region.of the lidars. Comparison of ozone standard deviation and
From 17 to 42 km, estimated precision and observed standardstimated precision for the DWD lidar over many years (not
deviation are better (lower) than 10%. From 18 to 39 km, shown) indicates that the precision estimate for this lidar is
they are better than 5%. Below 28 km, the estimated ozon&orrect above 45 km, where the observed standard deviation
precision for the DWD lidar (blue line) is worse (larger val- is dominated by statistical noise. For the NASA lidar dur-
ues) than for the NASA lidar (green line). This is due to ing HOPE, however, the standard deviation between 45 and
the weaker return signals (compare Fig. 2), and the shorteb0 km (not shown) is larger than for the DWD lidar, by a
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almost entirely controlled by the estimated temperature pre-
cision from the DWD lidar A X, blue line), the disagree-
ment between the black and red curves points to an error in
the DWD temperature precision estimate. In fact, the current
DWD processing does not account for the noise reduction
obtained by averaging over 5 range bins (see discussion of
Fig. 5). This should reduce statistical noise by a factor of
V5~2.2, roughly the same factor that would bring the black
and red curves in Fig. 10 into agreement. Temperature preci-
sion for the NASA lidar A X, green curve) is estimated to be
between 0.4 and 1 K. This is much better than for the DWD
lidar, and is due to the much higher return signals and the
coarser altitude resolution for the NASA lidar. Since the es-
timated temperature precision for the NASA lidar is so much
better (smaller), Fig. 10 does not provide much information
about correctness of the NASA precision estimate for tem-
perature.

T T T T1TTT T T TTTTTT‘ T T T

1 10

- 4.3 Average ozone differences
temperature precision [K]

: . , .. We now return to the topic of systematic differences between
Fig. 10. Same as Fig. 9, but for estimated temperature precision . . .
AX; for DWD (blue line) and NASA (green line) lidar, for the es- the dlfferent.mstruments. Figure 11 shows the average .rela-
timated precisiomes{d X) of temperature differences between the tive 0Zone difference between DWD and NASA lidar during
DWD and NASA lidars (black line), and for the observed standard HOPE (blue line). The blue line in Fig. 11 is the average
deviationomeadd X) of temperature differences (red line=same as Of the 13 individual difference profiles given in Fig. 7. Sys-
blue curve in Fig. 8). Numbers on the right give the number of tematic ozone differences seen previously for the DWD li-
available temperature difference profiles. Note the different altitudedar against the SAGE Il and GOMOS satellite instruments
range, from 25 to 80km, instead of from 15 to 65km for ozone in (Steinbrecht et al., 2006; Meijer et al., 2004) are plotted as
Fig. 9. well (black and green lines). All profiles look very similar.
Error bars overlap at nearly all altitudes. In all comparisons,
the DWD lidar profiles have a clear negative bias between
factor of about 1.7, although the estimated precisions are33 and 43 km, by up to 15% near 39km. Between 23 and
comparable. Multiplying the NASA ozone precision esti- 33 km, the DWD profiles agree within 2% with NASA lidar
mate AX, green line) by a factor of 1.7 would also increase and SAGE Il. GOMOS seems to have a high bias, but error
the estimate for the precision of DWD-NASA ozone differ- bars are larger as well.
ences Qes(dX), black line) between 25 and 50km. This  Near 20 km and below, the DWD lidar gives up to 7%
would bring it into good agreement with the observed stan-lower ozone values than the NASA lidar (blue curve). A sim-
dard deviation dmeadd X), red line) at all altitudes. From jlar difference is seen against SAGE Il and GOMOS (black
Fig. 9, and some additional information, it appears that theand green curves). Lower ozone values are also reported by
ozone precision values given by the NASA algorithm are cur-the ozonesondes below 20 km (red line), but the sondes are
rently too small by a factor of about 1.7. We do not think that consistent with the DWD lidar there. The sondes also show
this has major implications for previous intercomparisons ofa low bias above 30km. The latter bias is well known and
the NASA lidar. Most intercomparisons have looked at biasis attributed to an insufficient correction of decreasing pump
and standard deviations, and less attention has been givastficiency at low ambient pressure (Steinbrecht et al., 1998,
to the precision estimates (see summary by Keckhut et al.WwMO correction is still used).
2004). Figure 12 addresses the question, why the DWD lidar con-
For temperature in Fig. 10, the observed standard devisistently underestimates ozone in the 33 to 43 km region. The
ation of DWD-NASA temperature differencesfeadd X), figure compares the systematic difference observed during
red curve), as well as the precision estimatgd{(d X), black HOPE (blue line), with differences generated by the DWD
curve) increase with altitude, from 0.4 K around 30 km to ozone processing algorithm. The DWD algorithm has been
more than 10 K above 70 km. Different from ozone, the esti-tested previously with synthetic simulated lidar return signals
mated precision for temperature differences (black curve) isn the NDSC algorithm intercomparison (Godin et al., 1999,
much larger than the observed standard deviation (red curve)ed line). There, the DWD ozone algorithm showed a bias
Figure 10 shows that the precision is over-estimated (valuesery similar to the ozone difference found in HOPE. A slight
too large) by a factor of about 2. Since the black curve isshift towards lower altitudes comes from the different ozone
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Fig. 11. Average relative ozone difference profiles. Blue: Between Fig. 12. Blue line: Observed relative ozone difference between
DWD and NASA lidars during HOPE. Red: Between ozonesondesDWD and NASA lidar during HOPE, same as in Fig. 11. Black
and NASA lidar during HOPE. Black: Average difference between line: Relative ozone difference between NASA lidar return signals
DWD lidar and SAGE Il (version 6.2) over the period 1987 to 2005 processed by DWD algorithm and processed by NASA algorithm.
(Steinbrecht et al., 2006). Green: Average difference between DWDCRed line: Bias of the DWD algorithm in the NDSC algorithm inter-
lidar and GOMOS (version 6.0f, updated from Meijer et al., 2004). comparison (Godin et al., 1999). Error bars are two standard errors
Error bars: Two standard errors of the mean. of the mean.

profile used in this NDSC algorithm intercomparison. For from 25 to 50 km. Above 65 km, the DWD lidar reports up
HOPE, return signals from the NASA lidar were also pro- 15K higher temperature than the NASA lidar, but this is not
cessed with the DWD algorithm. The black line gives the statistically significant. The NASA lidar itself reports about
resulting DWD-NASA ozone difference. As in the Godin et 1K lower temperatures than NCEP at most altitudes. This
al. (1999) NDSC algorithm intercomparison, this difference s statistically significant between 16 and 36 km. NASA li-
comes from the processing algorithm, more specifically fromdar temperatures are also between 0.2 and 1.2 K lower than
the differential filters used in the DWD and NASA algorithm temperature measured by the Munich radiosondes between
(compare Fig. 3). For HOPE, the difference caused by thel5 and 33km. This is often not statistically significant, but
DWD algorithm is virtually the same as the observed ozonein agreement with the NCEP temperatures. All differences

difference (blue line). From the good agreement betweenseem to be fairly constant over a wide altitude range. From
observed ozone difference during HOPE and the bias foundtig. 13 it appears that

for the DWD algorithm in Fig. 12, it becomes clear that the

bias of the DWD lidar ozone profiles against several other 1. NCEP analyses provide very similar temperatures to the
instruments in the 33 to 43 km region is caused by the DWD radiosondes, which are of course an important input to
processing algorithm, not by the lidar hardware. In Sect. 5, the analyses.

we will show that a corrected version of the DWD ozone pro-

cessing gives much better agreement with the NASA lidar or 2. The NASA lidar reports about 1K lower temperature
SAGE. than analyses or radiosondes.

4.4 Average temperature differences 3. The DWD lidar reports 1 to 2K lower temperature than

the NASA lidar, and 2 to 4K lower temperature than
The average temperature difference profiles are given in NCEP analyses or radiosondes.

Fig. 13. Temperatures from DWD lidar, NCEP operational

analyses, and from Munich radiosondes are referenced to the To put the HOPE temperature differences into a wider con-
NASA lidar temperature. From 25km to 65km, the DWD text, Fig. 14 compares them with long-term average temper-
lidar measures on average 1 to 2K lower temperature thamture differences between NCEP and DWD lidar, and be-
the NASA lidar. This difference is statistically significant tween Hohenpeil3enberg soundings and DWD lidar. Note
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Fig. 13. Average temperature differences during HOPE. Blue: Be- Fig. 14. Similar to Fig. 13 but for average temperature differences
tween DWD and NASA lidar. Orange: Between NCEP operationalto the DWD lidar. Blue: NASA minus DWD lidar during HOPE.
analyses and NASA lidar. Magenta: Between Munich Vaisala RS920range: NCEP minus DWD lidar during HOPE. Magenta: Mu-
radiosondes and NASA lidar. Error bars: Two standard errors of thenich radiosondes (Vaisala RS92) minus DWD lidar during HOPE.
mean. Green: NCEP minus DWD lidar over the period July 2001 to Octo-
ber 2007 (about 600 cases). Red: HohenpeiRenberg sondes minus
that Fig. 14 uses the DWD lidar as the reference. The temPWD lidar, over the period Octpbgr 1997 to OcFober 2007 (about
perature differences during HOPE (orange, magenta and blu%oo czses., _?ond(is Izun(;;hed Wlthf""[]hlo h of the lidar measurement).
line) are fully consistent with the differences found previ- rrorbars: Two standard errors ot the mean.
ously, when comparing DWD lidar temperatures with NCEP
over the period 2001 to 2007, or with radiosondes over theR>0_9). However, because of the systematic underestima-
period 1997 to 2007 (green and re_d lines). _At all altitudes;, by the DWD algorithm (see Figs. 11 and 12), most blue
between 25 and 65km, the DWD lidar consistently reportSqai4 noints at 35 and 40 km altitude fall below the 1 to 1 line.
between 1 and 4K lower temperature. Systematic differ-pg poise increases with altitude above 40km, data points
ences between RS80 and RS92 radiosondes (Steinbrecht &l,y0r more widely and lie more or less randomly around
al., 2008) are minor in this context. Section 5 explains laterha 1 1o 1 line. At 15 and 20 km. the larger spatial and tem-
where much of this large temperature difference comes fromporal variability of ozone (compare Fig. 6), and the poorer
precision of the DWD lidar (compare Fig. 9), also result in
increased scatter. Ozonesonde precision is around 5% (e.g.,

It is of course desirable that all instruments (and the NCEPSTMIt and Kley, 1998), and the scatter of the ozonesonde
analyses) should provide the same mean profiles of ozondata in Fig. 15_ is comparable to the lidar res_ults. Eyen the
and temperature. In addition, variations should also befWe sondes with poor temporal matches (circled triangles

tracked in the same way by all instruments. A climatology, In Fig- 15; 12 October 2005, more than 60 h before a lidar
for example, might give the correct mean profile, but it would Méasurement, 24 October 2005, 12 h before a lidar measure-

probably not provide correct variations. To address this im-Ment), give data in the range of the other sondes, launched
portant aspect, Fig. 15 plots ozone variations measured by¥ithin 2 to 6 h of the lidar measurement.
DWD lidar and ozonesondes against ozone from the NASA Figure 16 gives the vertical profile of the correlation coeffi-
lidar, at different altitude levels. Ideally, all data points in cient between ozone variations from the different instruments
each panel would lie on the 1 to 1 line, from bottom left to during HOPE. Ozone measured by the DWD lidar correlates
top right. slightly better with NASA ozone than with ozone from the
As expected, the lowest scatter and the tightest correlationsondes. The confidence interval is also narrower. For the
are seen between 25 and 40 km altitude, the altitude range dWD lidar, correlation with NASA ozone is significantly
best precision for the lidars. Both lidars report a similar rangelarger than zero at most altitudes between 15 and 42 km.
of ozone values, and highly correlated variations (correlationBetween 25 and 37 km, ozone correlation between the two

4.5 Correlation and scatter plots
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O3 (NASA) [10% m?] O3 (NASA) [10: m] yses (48 and 53 km, or 1 and 0.4 hPa) show little correlation
with temperature from the NASA lidar (or the DWD lidar).
Fig. 15. Scatter plots of ozone number density during HOPE at Temperature correlation between the two lidars is generally
selected altitude levels. Ozone measured by DWD lidar (blue di-better, and appears to be useful up to 70 km.

amonds), and ozonesondes (red triangles) is plotted against ozone . . . )
from the NASA lidar. Ozonesondes were launched within 6 h of For the lower levels (Fig. 18), data points from radioson

the lidar measurement, except for the two sonde points indi(:ateéjes and NCEP are very similar, and are generally close to

by a red circle around the red triangle (12 and 24 October 2005the 11to 1 line. Radiosonde and NCEP temperatures cor-

launches). Each data point represents an ozone value from a sondiglate well with the NASA lidar results. Vertical profiles
and/ or nightly mean ozone from a lidar. of the correlations are given in Fig. 19. With the excep-

tion of the NCEP data around 14 km, correlations with the

NASA lidar data are larger than 0.8 for all data sets at all
lidars is better than 0.9. From 40 to 50 km measurementevels up to 37km. Closer inspection in Fig. 6 indicates
noise increases substantially. The correlation drops from 0.8hat the large scale NCEP data do not resolve local details
to near zero. Below 25km, correlations range between 0.%f the tropopause near 14 km. Usually, however, correla-
and 0.9, and are similar for DWD lidar and ozonesondes. Theaion between lidar and NCEP temperatures is slightly higher
poor correlation around 22 km, near the ozone maximum, ighan between lidar and the sondes. Figure 6 indicates that
attributed to small-scale structures that vary with time andthe sondes report local short-term structures not present in
location and are sampled differently by the sondes and theéhe nightly mean lidar profiles and smooth NCEP profiles.
two lidars (compare Fig. 6). Above 50 km, correlation between the two lidars decreases,
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ted against temperature from the NASA lidar. L I
-04  -0.2 0 0.2 0.4 0.6 0.8 1

correlation for temperature

because noise increases and the precision of the lidar terr|1:-_ . -

erature measurements drops, especially for the DWD lida ig. 19. Correlation coefficient between temperature from the
P . - . NASA lidar and temperature from DWD lidar (blue line), Munich
(see Fig. 9). Nevertheless, significant correlation appears Up, giosondes (magenta line), and NCEP (orange line). Error bars
to 70 km. give the 95% confidence interval.

5 Improved processing for the DWD lidar data analysis of the return signals from both lidars indicated a sys-
tematic error in the assigned altitudefor the DWD lidar
When trying to explain the consistent low bias of the DWD return signals. The rati®owp(z)/ Pnasa(z), which should
lidar temperature data, e.g. in Fig. 13, a major advantage obe constant with altitude, and the reported altitude of cirrus
the HOPE intercomparison was to have the directly compa<louds showed that the assigned altitudes of the DWD lidar
rable return signal®(z) from the NASA lidar. In the end, are too high by about 300 m during HOPE. Detailed tests
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with the DWD lidar confirmed this. The “laser-synch” trig- In the old DWD processing, signal induced noise has
ger pulse, which starts the range measurement of the DWDargely been ignored. Part of that is for historical reasons.
lidar, comes 19+0.3 us, or 29G:45 m, earlier than the actual In the first 8 years of the time-series, the old data acquisition
optical pulse. Therefore, all altitudes reported by the DWD system recorded signals only up to 70km, and background
lidar are too high by about 290 m, and need to be shiftedabout 30 ms (corresponding to 4500 km) after the lidar sig-
downwards. This has consequences particularly for the temnal. Information for a meaningful estimation of signal in-
perature profiles, but also for the ozone profiles. Very likely, duced noise was not stored. Since 1999, much more informa-
this shift has been present throughout the entire DWD lidartion has been recorded. This has shown that signal induced
record since 1987. noise for the DWD lidar system decays with a time constant
A second major error is the consistent low bias of the corresponding to about 1000 km, i.e. is almost constant on
DWD lidar ozone profiles in the 33 to 43km region. This the 10km time-scale of a lidar return signal. Near 100 km,
bias is obvious e.g. in Figs. 11 and 12. It has been observed has a typical magnitude of 3 Hz for the 308 nm signal, and
in HOPE and in previous intercomparisons. As mentioned,0.3 Hz or less for the 353 nm signal. This is 3 to 4 orders
the bias results from the smoothing properties of the wideof magnitude smaller than in some early lidar systems that
differential filter used in the DWD ozone algorithm. It is did not use a mechanical chopper (McDermid et al., 1990).
largest in those regions, where the filter is very wide, and theEspecially at 353 nm, the uncertainty is large, because such
curvature of the ozone profile is high (compare also Leblancsmall count-rates are buried in the statistical noise. In the
et al., 1998). In order to correct this bias, we have rescaledmproved DWD processing, background is now estimated at
the derivative filters of the DWD ozone algorithm (compare ranges around 100 km, where the lidar signal is negligible,
Fig. 3), so that the correct ozone profile is returned, whenbut relevant signal induced noise levels are still present.
the derivative filter is applied to vertically integrated clima-
tological ozone profiles from SAGE, GOMOS, or HALOE. 5.1 Ozone processing improvements
This improved DWD ozone algorithm uses the same shape
as the old derivative filters, but the filters are rescaled. In thisFigure 20 shows the effect of the three corrections on ozone
fashion nearly all filter properties are retained, but the filter profiles from the DWD lidar. To correct thiez=+290m al-
bias is removed. The red line in Fig. 20 shows the effectivetitude error found for the DWD lidar, all ozone profiles have
ozone change due to the rescaled differential filter. Later, into be shifted down by 290m. The required ozone correc-
Fig. 22, we will show convincing results for the new DWD tion (green line) is proportional to the ozone vertical gra-
ozone algorithm. dient. The correction is zero near the ozone maximum at
The third effect to be addressed is a better estimation o3 km. It is positive at altitudes below the ozone maximum
background levels. For most lidar systems, a slowly decay{high ozone shifted down). Near 15km it reaches up &6
ing background is superimposed onto the lidar return signal®n average, and up to +15% for individual profiles (compare
and the constant skylight background (likura et al., 1987;Fig. 6). The correction is negative above the ozone maxi-
Williamson and Young, 2000). This “signal induced noise” mum (low ozone shifted down). Above 35 km, it amounts to
decays slowly, with time constants between a few microsec—5 to —6% on average. As individual profiles become noisy
onds and milliseconds, corresponding to ranges between above 40 to 45km, the correction can range betwe2%
few hundred meters and hundreds of kilometers. As menand-+15%.
tioned in Sect. 2, signal induced noise is minimized by the The effect of the differential filter bias correction is shown
mechanical chopper used in the DWD and NASA lidars. by the red line in Fig. 20. As mentioned, this correction is
Still, it is not completely negligible (compare Table 1). Pre- largest where the curvature (second derivative) of the ozone
vious studies have shown that errors in background estimaprofile is large and the filter width is large. This is the
tion can affect ozone and temperature profiles significantlycase near 39 km altitude, where the correction reaches up to
at their far range limits (McDermid et al., 1990; McGee et 15%. Near 44km, the vertical gradient (first derivative) of
al., 1995a; Leblanc et al., 1998). Typically, with uncorrected the ozone profile reaches a minimum (green line), so the cur-
signal induced noise, ozone is underestimated. Temperatureature of the ozone profile changes sign. Correspondingly,
is overestimated. For single profiles from the DWD lidar, the bias correction (red line) changes from positive to neg-
the uncertainty from background estimation is usually well ative near 44km. Near 19km, the curvature of the ozone
within the statistical noise. However, when averaging overprofile is high, but the filter is quite narrow. Here the bias
many profiles, it can become important. The NASA process-correction shows only a very small maximum. Above 30km,
ing estimates signal induced noise using a linear, quadratic othe bias correction increases rapidly, because filter width in
exponential fit. Remaining ozone errors are negligible belowcreases rapidly (compare Fig. 4).
40 km, and are estimated to be less than 5% at 45km, and The effect of the improved background subtraction (or
less than 15% near 50 km (McGee et al., 1995a). At 355 nmsignal induced noise correction) is shown by the light blue
signal induced noise is negligible, and temperature from theange in Fig. 20. It is more uncertain than the other cor-
NASA lidar is not affected by it. rections. Typically, signal induced noise is an order of
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Fig. 20. Effect of different corrections in the improved ozone pro- Fig. 21. Effect of different corrections in the improved tempera-
cessing for the DWD lidar. Green: Effect of 290 m downward shift ture processing for the DWD lidar. Green: Effect-0290 m range
of the ozone profile. Error bars give the range during HOPE. Red: X '

Eff  bi ion for the diff il filter. Lioht blue: R ‘correction. This shifts the temperature profile downwards, but it
ect of bias correction for the differential filter. Light blue: Range ;¢ changes the? range correction in the temperature calculation.

O,f S|gnal |nduce.d noise correctlon dye to |mpr9ved background €SError bars give the range during HOPE. Red: Effect of corrected
timation. The given range is for typical operational measurements

f the DWD lidar. Th ion during HOPE hel acceleration due to Earth’s graviy(z). Light blue: Range of sig-
ofthe VD lidar. fhe co_rrectlon uring HO Was_neart € IOWeT hal induced noise correction due to improved background estima-
end of this range. Black line: Total effect of all three improvements.

tion. The given range is typical for operational measurements of the
Error bars: Two standard errors. DWD lidar. The correction during HOPE was near the lower end of
this range. Black line: Total effect of all three improvements. Error
bars: Two standard errors.
magnitude higher at 308 nm than at 353 nm. If this is ig-

nored, the 308 nm lidar return signal decays more slowly than

the 353 nm lidar return signal. The result are too low, or evento the sum of the individual effects. Below 25km, the to-
negative, ozone values. An improved background estimatal effect is largely given by the 290 m downward shift of the
tion, therefore, results in higher ozone values. As shown byozone profile. Between 30 and 42 km, the total effect reaches
the light blue range in Fig. 20, the effect is almost negligi- up to 10% and is a combination of the differential filter cor-
ble at altitudes below 40 km for the DWD lidar. However, rection and the shift. Above 45km, the effect of the im-
when approaching the upper range limit of the DWD lidar proved background subtraction becomes dominant, and the
near 50 km, the signal induced noise correction increases drarror bars grow dramatically.

matically, from around 10% near 45 km to around 50% near

S0km. 5.2 Temperature processing improvements
Note that signal induced noise effects depend on maxi-
mum photomultiplier exposure and overall signal level. They The magnitude of the different corrections in the improved
are fairly variable. Signal induced noise effects for the DWD temperature processing for the DWD lidar is plotted in
lidar during HOPE were closer to the lower end of the light Fig. 21. As for ozone, the 290 m range correction shifts the
blue area in Fig. 20. As mentioned, the NASA lidar has entire temperature profile downward. In addition, however,
higher levels of Signal induced noise at 308 nm (Compare Tathe under|ying density eStimatEair(Z)O(P(Z) Z2, Changes as
ble 1), but NASA lidar return signals are also much higher, well, because the assignetias to be reduced. This results in
and the NASA processing includes a good signal inducedsmaller densities and higher temperatures (see also Leblanc
noise estimation. Still, ozone errors related to signal inducedbt a|., 1998). As the green line in Fig. 21 shows, the net ef-
noise can reach several percent above 45km for the NASAgct of the range correction is to increase temperatures from
lidar as well. the DWD lidar between 28 and 53 km, by up to 1.5 K. Above
The total effect of all improvements in the DWD ozone 50 km, the vertical temperature gradient is reversed, so the ef-
processing is given by the black line in Fig. 20. It is similar fects of profile shift and reduced density almost cancel each
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_Fig. 22. Averagt_a relative ozone d_ifferences for improye_d process-Fig_ 23. Average temperature difference during HOPE. Violet: Be-
ing of the DWD lidar data. Blue: Difference between original DWD ween improved DWD lidar processing and NASA lidar. Blue: Be-

processing and NASA lidar during HOPE, same as in Figs. 11 an ween original DWD lidar processing and NASA lidar, same as in

12. Violet: Difference between improved DWD processing and Figs. 13 and 14. Error bars: Two standard errors of the mean.
NASA lidar during HOPE. Green: Difference between improved

DWD processing and SAGE ozone profiles, based on monthly mean
climatology for the years 1994 to 2003. Same as DWD/SAGE-1 in
Fig. 11, but with corrected DWD processing. Error bars: Two stan-sjgnal induced noise effects on temperatures from the NASA
dard errors of the mean. lidar are negligible.
The total temperature change due to the improved process-

_ ing (black line) is again similar to the sum of the individual
other. Here the net temperature change is small. As tempeisffects. Below 50 km, the net effect is an increase of temper-

ature profiles get increqsingly noisy from .55 to 70km (com- g4 res by up to 1.7 K near 40 km. Near the upper range limit
pare Fig. 6), error bars increase substantially. at 60 to 70 km, the signal induced noise correction becomes
During the investigation, it also turned out that the old large, but is also quite uncertain.
DWD temperature algorithm used slightly too low values for
g(2), the acceleration due to Earth’'s gravity. 9.793TAs
were used fog(0), instead of 9.809 Mm%, the correct value
at 48 N (e.g., WGS, 2000, Eqg. 4-1). This affects the hy-
drostatic equilibrium pressure calculation, and therefore theat most altitudes, below 45 km for ozone, and below 65 km
retrieved temperature. As the red line in Fig. 21 shows, usfor temperature, the changes due to the improved DWD
ing the correcg(z) in the improved DWD temperature algo- ozone and temperature processing vary only a little from pro-
rithm, increases temperature by about 0.3 K at most altitudesfile to profile. Therefore, the scatter diagrams in Sect. 4.5,
Finally, the correct estimation of signal induced noise alsoas well as the standard deviations and error estimates in
plays a minor role in the temperature processing (see als&ect. 4.2, largely remain valid. Significant changes, however,
Leblanc et al., 1998). Although signal induced noise atoccur for the average differences between DWD lidar ozone
353 nm is an order of magnitude smaller than at 308 nm, theand temperature profiles (Figs. 11 to 14). This can be seenin
light blue range indicates that the better background estimaFigs. 22 and 23, which compare the uncorrected HOPE aver-
tion of the improved DWD algorithm results in lower tem- age ozone and temperature differences (blue lines), with the
peratures, by up to 2K near 60 km, and by up to 4 K nearsame results obtained for the improved DWD lidar process-
70km. As mentioned, the uncertainty of the signal induceding (violet lines).
noise estimation is high. For single temperature profiles the For ozone, the previously significant low bias in the 33
effect is usually buried in the noise, which for the DWD lidar to 43km altitude range (blue line) has disappeared with the
is about 5K near 60 km, and 10K near 70 km (compare redhew processing. Now, excellent agreement is found at most
line in Fig. 10). Because of its much higher return signals,altitudes from 15 to 45 or 50 km, both with the NASA lidar

5.3 Comparison of improved ozone and temperature
profiles
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during HOPE (violet line), and with SAGE for the 1994 to  Like previous campaigns, HOPE has demonstrated that li-
2003 climatological profiles (green line). Between 17 anddars deliver their best precision, better than 5%, for ozone
47 km, systematic differences between the corrected DWDbetween 20 and 40 km altitude. Above 45 km, the DWD and
lidar ozone profiles and profiles from the NASA lidar or from NASA lidar ozone data become increasingly noisy. Precision
SAGE are now smaller than 5%. Between 20 and 44 km,drops from around 10% near 45km to 50% or worse near
they are even smaller than 3%. At nearly all altitudes theseb0 km. The DWD lidar compensates for its much weaker re-
differences are not statistically significant. The good agree-turn signals by using a much coarser range resolution. Ozone
ment between three different instruments in Fig. 22 does novariations from the two lidars track very well. Correlations
only validate the DWD lidar ozone profiles obtained by the are higher than 0.8 at most altitudes from 15 to 40 km. As the
improved processing. It also shows excellent agreement beszone data become increasingly noisy above 40 km, correla-
tween ozone profiles from SAGE and the NASA lidar, and tions drop to zero around 50 km. Up to 30 km, the ozoneson-
gives us better confidence for using the NASA lidar as a ref-des also provide good measurements, with virtually no bias
erence standard for ozone. between 20 and 30 km, and a low bias up to 5% above 30 km.

The positive effects of the improved DWD temperature Precision of the ozonesondes is 5 to 10%. Correlation be-
processing are shown in Fig. 23. With the new processingween ozonesondes and lidar is in the range 0.6 to 0.9, not
(violet line) agreement between DWD lidar and NASA lidar quite as good as between the two lidars. In part, this might
temperatures improves significantly between 30 and 45 kmreflect the different character of the very local in-situ mea-
DWD temperatures increase by 1 to 2K between 30 andsurement by the sondes and the nightly mean profiles from
50km, and come into close agreement with temperatureghe lidars.
from the NASA lidar. Except for near 45km altitude, the ~ Temperature data from the DWD lidar have a 1 to 2K cold
corrected DWD temperatures now show no significant dif-bias over the entire region from 30 to 65 km against profiles
ference to the NASA data. The corrected DWD lidar temper-from the NASA lidar, and a 2 to 4K cold bias against Vaisala

atures also come into better agreement with sonde and NDS8S92 radiosondes or NCEP analyses. As with ozone, the
temperatures (compare Figs. 13 and 14). temperature bias during HOPE is consistent with multi-year

intercomparisons between DWD lidar and NCEP analyses or
radiosondes. The altitude shift and slightly too lg) dis-
) covered by the detailed analysis of the HOPE data can now
6 Conclusions finally explain much of this long-standing bias. When these
mistakes are corrected, the DWD temperature data come into
Thirteen clear nights in October 2005 have allowed the sucvery close agreement with the NASA data. Remaining tem-
cessful intercomparison of the DWD ozone and temperaperature differences between the two lidars are usually less
ture lidar at Hohenpeif3enberg with the NDACC travelling than 1 K between 27 and 55 km, and are not statistically sig-
standard lidar operated by NASAs Goddard Space Flightnificant at most altitudes between 25 and 70 km.
Center. Additional comparison profiles were provided by  For temperature, precision of the DWD lidar is better than
Brewer/Mast ozonesondes started at Hohenpeif3enberg, byK in the 30 to 50 km altitude range, decreasing to 10 K near
Vaisala RS92 radiosondes launched at Munich (65 km to thezokm. The HOPE comparison has shown that the current
north-east), and by operational NCEP analyses. DWD algorithm over-estimates temperature precision, be-
The HOPE intercomparison confirmed a low bias for cause it does not account for the noise reduction obtained
ozone profiles from the DWD lidar in the 33 to 43 km region, by averaging over 5 range bins. Estimated temperature pre-
by up to 10%. This bias has been seen in previous intercomeision values should be reduced by a fact®~2.2 (e.g.
parisons, e.g. against SAGE, GOMOS or GOME. ltis largelyfrom 22K to 10K, near 70km). The NASA lidar uses a
caused by the differential filter used in the DWD ozone pro-much coarser altitude resolution for temperature, and esti-
cessing algorithm. The HOPE intercomparison has also beemates precision better than 1 K between 20 and 75 km. This
instrumental in uncovering a 290 m error in the range assignis very precise and could not be checked with the data avail-
ment of the DWD lidar. In an improved version of the DWD able in HOPE. Between 10 and 40 km, temperature variations
ozone processing, this range error is corrected, an improvedre tracked very similarly by both lidars, Munich radioson-
differential filter is used, and a better background estimationdes, and NCEP analyses. Correlation coefficients are usually
is applied. With this improved processing, excellent agree-larger than 0.8 to 0.9. Above 40 km, temperatures from the
ment, better than 3% over the entire 18 to 43 km range, ighree topmost levels of the NCEP analyses do not track the
found on average between ozone profiles from the DWD li-lidar results well R approaches zero), whereas the two lidars
dar, from the NASA lidar (during HOPE), and from SAGE show reasonable trackin® £0.4) up to 70 km.
(over the 1993 to 2004) period. This good agreement be-
tween three different systems validates not only ozone pro-
files from the DWD lidar, but also the NASA travelling stan-
dard lidar.
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